Introduction
Zika virus infection in humans may result in a mild disease characterized by rash, fever, arthralgia and conjunctivitis. 1, 2 However, since its introduction in the Americas in 2015, the Zika virus has been found to cause congenital brain abnormalities and Guillain-Barré syndrome. 3 A recent study showed that for pregnant women having symptoms or tested positive for Zika virus in the first trimester, 22 (8%) out of the 276 completed pregnancies had Zika virus-associated birth defects. For second and third trimesters, the numbers were 36 (5%) out of 726 and 20 (4%) out of 494, respectively. 4 Therefore, the Zika virus has emerged as a public and reproductive health concern. 5 The Zika virus, which belongs to the genus Flavivirus, is primarily transmitted by Aedes mosquitoes in endemic areas, but the virus can also be transmitted from person-to-person via sexual encounter. 6 Evidence exists that people who had not resided in or travelled to areas with arthropod-borne Zika virus transmission have developed the disease after oral, vaginal or anal sexual intercourse with Zika virus infected partners. [6] [7] [8] Sexual transmission by asymptomatic men has been reported in a couple seeking assisted reproduction treatment and in a woman with a travelling male sex partner. 9, 10 The longest documented interval between a man's onset of symptoms and sexual transmission to a woman is 44 days.
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Using reverse-transcriptase (RT) polymerase chain reaction (PCR) assay, researchers have detected Zika virus ribonucleic acid (RNA) in vaginal secretions and semen. [12] [13] [14] [15] Studies have reported viral shedding in semen beyond 188 days after symptom onset. 16 Several studies have assessed Zika virus persistence in semen after acute infection in endemic settings. 13, 17, 18 In a study from Puerto Rico, 56% (31/55) of semen samples from infected men contained viral RNA. The estimated median time until RNA was undetectable in the men's semen was 34 days after symptom onset (95% CI: 28-41) and 95% of semen samples were virus negative after 81 days (95% CI: 64-98). 13 A prospective study from French Guiana found viral RNA in 67% (8/12) of semen samples from infected men. 17 The authors concluded that the average persistence of RNA in semen was 26 days, although the intervals between detection and follow-up sampling were irregular and large. 17 A report on 15 infected men from the French oversea territory Guadeloupe, showed that 11 (73%) had viral RNA in semen. 18 One study documented viral RNA in semen for 12 out of 23 (52%) British travellers. 19 Because of loss to follow-up, the study could only report time to viral clearance in semen for four patients, which ranged from 70 to 132 days after symptom onset.
Persistence of Zika virus in immune-privileged sites, such as the male reproductive system, may differ among populations depending on ethnic backgrounds, ongoing vectorborne transmission of the virus and previous exposure to other flaviviruses. Therefore, knowledge of the incidence and kinetics of Zika virus in semen is important for assessing the probability of viral sexual transmission. Here we present the results from a cohort study that prospectively monitored viral loads in semen from Belgian travellers with confirmed Zika virus infection returning from the Americas. We tested serum from participants who presented within 7 days after symptom onset or urine within 14 days after symptom onset. 21 We extracted RNA from 140 µL serum using QIAamp® RNA viral kit (Qiagen, Hilden, Germany). For urine, we mixed 500 µL with 500 µL cobas® PCR media kit (Roche Molecular Systems, Inc., Pleasanton, United States of America) before extracting RNA with the automated MagNa Pure purification system (Roche Molecular Systems, Inc.). For both serum and urine, we used 10 µL eluates for the RT-PCR assay. The PCR program consists of a RT reaction of 20 minute at 55 °C and a denaturation step of 2 minute at 95 °C, followed by 45 cycles of 15 second at 95 °C, 55 second at 58 °C and 15 second at 72 °C. We expressed RNA levels as threshold cycle values (C t -values), because a reference method for RNA quantification is not available. Any C t -value below 45 is defined as positive. We defined confirmed infection as a positive virus neutralization test result 22 or a positive RT-PCR in any clinical sample.
Men who were 18 years or older, with a laboratory-confirmed symptomatic Zika virus infection and no history of immunosuppression were eligible to participate in the study. Staff members of the Institute of Tropical Medicine recruited men and recorded clinical and epidemiological data in a standardized case record form (Table 1) . Two authors subsequently entered the data in a Microsoft Excel 2010 database (Microsoft Corp., Redmond, USA). For periodic monitoring of Zika virus RNA loads in semen, the participants were instructed to produce semen samples into a sterile cup by masturbation every week. Upon recruitment we provided the participants with materials needed for semen collection. The participants produced the sample at the institute or at home and sent the samples by regular mail at room temperature to the institute. We asked participants to produce semen samples until we obtained two negative results.
If the laboratory staff received the first sample within an hour after production, they analysed the sperm, leukocyte and erythrocyte counts. Oligospermia was defined as a count of less than 15 million spermatozoa/mL. 23 
Statistical analysis
Because of the exploratory character of the study, we arbitrarily set the sample size at 20 participants. For each participant, we calculated the time from symptom onset until Zika virus RNA could no longer be detected in semen. We assessed the duration of Zika virus persistence in semen using the KaplanMeier estimator and the parametric Weibull regression models. All analyses were done in R, version 3.3.2 (R Foundation for Statistical Computing, Vienna, Austria).
Ethical approval
We obtained ethical approval from the institutional review board at Institute of Tropical Medicine and the ethics committee of the Antwerp University Hospital, Belgium. We registered the protocol at ClinicalTrials.gov (NCT 02733796).
Results
From February 2016 to May 2017, the institute recruited and followed-up 15 Caucasian men, who had travelled to countries with active vector-borne transmission of Zika virus (Table 1) . We did not reach the projected sample size, because of the decline in number of patient with Zika virus infection. The participants' median age was 45 years (range: 19-65). All men presented with rash; 12 (80%) had fever; eight (53%) had myalgia; six (40%) had headache or retro-orbital pain; five (33%) had arthralgia; and three (20%) had conjunctivitis. Six (40%) men reported diarrhoea and two (13%) described fatigue. The median duration of illness was 5 days (range: 1-10).
RT-PCR analyses confirmed Zika virus infection in 10 men, while virus neutralization tests confirmed infection in five men. All men consented to participate and 13 men completed the study; two patients did not provide enough numbers of semen samples for obtaining two consecutive negative results. Patient 9 provided only two semen samples (at 23 and 100 days after symptom onset) and patient 12 provided only one sample at 30 days after symptom onset, after which he withdrew (no reason given).
We detected Zika virus-RNA in the semen from nine men (60%), of which one man has had a successful vasectomy. For patients with RNA in semen, the median number of samples analysed was 6 (range: 2-18). For men with positive RT-PCR result, the median time to collection of the first semen sample was shorter than for men with a negative result, though not significantly (18 days after symptom onset; range: 10-49 versus 23 days after symptom onset; range: 10-42). The longest duration before obtaining the first negative semen RT-PCR result was 144 days after symptom onset, with the last sample testing positive at 137 days after symptom onset ( Fig. 1 ). For patient 7 we observed viral RNA recurrence in semen after a single negative RT-PCR result (Fig. 1) .
The Weibull distribution curve showed that the median loss of RNA detection in semen occurred at 83 days after symptom onset (95% CI: 57−108). At 149 days after symptom onset (95% CI: 104−194) RNA could no longer be detected in the semen of 95% of the men (Fig. 2) .
We managed to isolate the Zika virus from one semen sample, collected Notes: We used RealStar® Zika Virus RT-PCR kit (Altona diagnostics GmbH, Hamburg, Germany) for RNA detection on patient with active infection. VNT, a non-commercial test, was used for patients who presented at the clinic after the active viraemic phase.
on 11 days after symptom onset and with a RT-PCR C t -value of 19.6. Cytopathic effect appeared only in Vero cells after passage on the C6/36 culture. For 11 patients, the first collected semen sample was available for microscopic analysis. We detected leukocytes in all samples and erythrocytes in nine samples; these included five Zika virus positive and four negative samples (Table 1) . For one participant, we found macroscopic haematospermia and detected viral RNA in his semen. After excluding the vasectomized man (patient 6), six out of 10 participants for whom microscopic analysis of semen was available, had oligospermia. Three of these men had Zika virus positive samples and three had negative samples. Out of the six men with oligospermia, five had reported fever. Only one individual completed the follow-up to monitor normalization of sperm counts.
Discussion
Here we report on the frequency and persistence of Zika virus in semen after acute symptomatic infection in Belgian men who had travelled to the Americas during the 2016 Zika virus outbreak. In 60% of the men with confirmed Zika virus infection, we also detected Zika virus RNA in the semen. Several studies have reported a similar proportion of detection, both in endemic settings 13, 17, 18 and in travellers. 19 For the six participants with no detectable RNA in semen, we cannot exclude early infection of the male reproductive organs, since others have reported short-lasting presence of Zika virus RNA in semen, as short as 1 day after symptom onset. 17 The median time to the first sampling of semen from these six men was 23 days after symptom onset, which suggest that the Zika virus may have already been eliminated from the semen. Therefore, we as well as other researchers might have underestimated the proportion of men with virus in their semen.
Persistence of Zika virus RNA in semen after acute infection appears common. In our study, sequential semen samples showed decreasing level of RNA until the virus became undetectable, confirming previous findings. 13, 17, 19 However, our data showed almost two months longer clearance time than the cohort studies from endemic settings. 13, 17, 18 We cannot ensure that a difference existed in seminal viral persistence between travellers and endemic populations. Both our and other studies may have underestimated the duration of viral shedding in patients with longer semen sampling intervals or in patients having only one negative RT-PCR result. 13, 17, 19 We could exclude differences in diagnostic sensitivity since we used the same RT-PCR assays as two of the other studies. 17, 18 It is also unlikely that the differences can be attributed to ethnic background of the host, as the proportion of infected semen samples did not differ across our cohort and the endemic studies. One possible explanation could be the difference in natural acquired immunity or vaccination status between men residing in endemic areas and travellers. People living in endemic areas are exposed to other circulating flaviviruses, such as dengue and chikungunya viruses, which may affect their ability to clear the virus. In our cohort, we could not assess previous exposure to dengue virus, since the antibody detection assays cross-react with the Zika virus antibodies.
The decline of Zika virus-RNA levels in semen observed in our patients suggests elimination of the virus. In only one patient, we could detect viral RNA after one negative RT-PCR result, but who subsequently had two consecutive negative samples that concluded followup. This finding demonstrates the need for two consecutive negative results, since the possibility of viral recurrence cannot be excluded.
Almost all men who had their semen analysed showed macroscopic or microscopic haematospermia. Other studies have also investigated haematospermia following Zika virus infection, but the symptom has not been consistently found. 11, 14, 16, 24 The observation of inflammatory cells in semen, irrespective of Zika virus RNA detection, may indicate some degree of tissue damage to the male reproductive tract in the majority of infected men. The presence of erythrocytes, leucocytes and oligospermia in semen could be a sign of inflammation and disruption of the tightjunctions between Sertoli cells that form the blood-testis barrier. 25 In a mouse model, Zika virus infection resulted in histological injury to Sertoli and Leydig cells and to the lumen of the epididymis, and the infection was associated with reduced levels of inhibin β and testosterone. 25 Recently, a human study demonstrated that men with active Zika virus infection had increased folliclestimulating hormone concentrations, while they had decreased inhibin β and testosterone concentrations, and median sperm counts. 18 The presumed target cells for Zika virus replication in the male reproductive tract are therefore likely to include the seminiferous epithelium. Interestingly, the duration of Zika virus shedding in semen in our cohort may coincide with the time required for spermatogonial renewal, differentiation and proliferation in humans (reported to be 74 days; 95% CI: 69-80). 26 Some of the participants had oligospermia, which could result from inflammatory destruction of the seminiferous epithelium directly, from the fluctuation of reproductive hormone concentrations or from the febrile state. 18 As reported previously, presence of viral RNA in the ejaculate of the vasectomized participant suggests that the Zika virus does not only infect spermatogonia, but also tissues distal of the vasectomy site. 27, 28 Isolation of the virus is regarded as a proxy for infectivity. However, we were only able to isolate the Zika virus from one of our patients' semen. The failure to isolate the virus from the other patients could be an indication of viral degradation, although others have demonstrated Zika virus replication competence in semen up to 69 days after symptom onset. 28 Lower viral loads or laboratory conditions may explain why virus isolation was not more successful. 29, 30 However, as long as the virus can be detected in semen by RT-PCR, we do not exclude that the virus can be sexually transmitted.
Zika virus in semen may become the major transmission route in areas where arthropod vectors do not thrive. However, mathematical modelling suggests that sexual transmission alone is not likely to drive or sustain a Zika virus outbreak in absence of a suitable vector population. 31 Concerns remain that sexual transmission of Zika virus to pregnant women may increase the risk of poor neonatal outcomes in addition to vector-borne infection alone. In mouse models, vaginal infection during pregnancy led to restriction of fetal growth and to fetal brain infection. 32, 33 Our study has at least three limitations. First, we had to discontinue the recruitment of participants before reaching the projected sample size, because incidence of Zika virus infection had declined by May 2017. 34 The relatively small sample size limits the generalizability of our results. Second, the follow-up period after obtaining two negative RT-PCR results in semen samples was relatively short. This time may have been too short to detect recurrence of RNA in semen. Third, we could not ascertain the recovery of sperm counts in men with oligospermia. Production of fresh samples suitable for microscopic semen analysis at the study site, proved too demanding for the participants.
The findings presented here emphasize that further studies are needed to increase our understanding of the host- Notes: The Weibull distribution of probability of Zika virus RNA detection in semen assumes 100% probability at the start. We only included participants with detectable Zika virus RNA in semen (n = 9). The solid line represents the median probability of survival; the dashed lines represent the upper and lower margins of the 95% confidence interval.
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Resumen
El virus del Zika en el semen: un estudio prospectivo de cohortes de viajeros sintomáticos que regresan a Bélgica
Objetivo Supervisar de forma prospectiva las cargas víricas del Zika en el semen de viajeros belgas con una infección confirmada del virus del Zika, que regresaban del continente americano durante la epidemia del virus del Zika de 2016. Métodos Reclutamos a viajeros sintomáticos que consultaban nuestra clínica y confirmamos la infección con las pruebas de reacción en cadena de la polimerasa de transcriptasa inversa (RT-PCR) o con la prueba de neutralización del virus. Los participantes produjeron muestras de semen de forma semanal, en la clínica o en sus casas. Para la muestra inicial, el personal del laboratorio realizaba un análisis de microscopio si recibía las muestras durante la hora de producción. Usando la RT-PCR, supervisamos las cargas de ácido ribonucleico (RNA) del virus del Zika en el semen hasta que obtuvimos dos resultados negativos. Resultados Detectamos RNA del virus del Zika en el semen de nueve de quince de los participantes, uno de los cuales se había hecho una
